Thin-film transistors ͑TFTs͒ on glass substrates were fabricated using ZnO, grown by a metallorganic chemical vapor deposition ͑MOCVD͒ technique, with N-and Si-rich silicon nitrides as gate dielectrics. This is a report on MOCVD-grown ZnO TFTs that use silicon nitride as gate dielectrics. The ZnO TFTs using N-rich silicon nitride exhibited a field-effect mobility of 6.5 cm 2 /V s, a subthreshold slope of 0.8 V/decade, an on/off current ratio of 10 8 , and a threshold voltage of 2.05 V. The performance of these TFTs is better than that of TFTs employing Si-rich silicon nitride. This enhanced device performance can be attributed to a larger average grain size of 126 nm observed in the ZnO film grown on the N-rich silicon nitride compared to an average grain size of 69 nm for the ZnO film grown on Si-rich silicon nitride. 6,7 Among them, MOCVD presents certain advantages because it can offer relatively good reproducibility and large area uniformity.
Zinc oxide ͑ZnO͒ thin-film transistors ͑TFTs͒ are currently the subject of intense research [1] [2] [3] [4] [5] [6] [7] due to their potential impact in the field of flat panel displays and their superior electrical characteristics compared to Si-based TFTs, which are critical components of present active matrix liquid crystal displays. Various growth methods have been employed to realize ZnO films for the active channels of ZnO TFTs, including molecular beam epitaxy, 1 sputtering, 2, 3 pulsed laser deposition, 4 atomic layer deposition, 5 and metallorganic chemical vapor deposition ͑MOCVD͒. 6, 7 Among them, MOCVD presents certain advantages because it can offer relatively good reproducibility and large area uniformity. 8 In addition to these merits, it may also be possible to use MOCVD to realize TFTs employing ZnO-based heterostructures similar to high electron mobility transistors. Previous research on MOCVD-grown ZnO TFTs is quite limited because all studies to date have utilized only SiO 2 gate dielectrics. Jo et al. 6 reported MOCVD-grown ZnO TFTs on n + -Si substrates with a thermally grown SiO 2 gate dielectric. Zhu et al. 7 reported MOCVD-grown ZnO TFTs on glass substrates with a SiO 2 gate dielectric prepared through plasma-enhanced chemical vapor deposition ͑PECVD͒. In the fabrication of amorphous silicon TFTs, a slightly nitrogen-rich silicon nitride ͑N-rich SiN͒ gate dielectric has been widely used because the slightly N-rich SiN results in better TFT characteristics. [9] [10] [11] [12] Even though silicon nitride ͑SiN͒ possesses better properties than SiO 2 , including a higher dielectric constant, MOCVD ZnO TFTs using a silicon nitride gate dielectric have not yet been reported. The properties of SiN are dependent on the N/Si ratio, and the stochiometry of SiN may affect the structure of the ZnO film grown on it. It would be interesting to know how the stochiometry of SiN films affects the performance of the bottomgated ZnO TFTs, where the ZnO channel lies on top of the gate dielectric.
This work reports the fabrication and electrical characteristics of MOCVD-grown bottom-gated ZnO TFTs on glass substrates using N-and Si-rich silicon nitrides prepared by PECVD. The TFTs using N-rich silicon nitride exhibit better characteristics compared to those using Si-rich silicon nitride. The performance of these TFTs is better than that of the previously reported MOCVD ZnO TFTs. 6, 7 The surface morphology and crystalline structure of the ZnO films grown on both N-and Si-rich silicon nitrides are also presented.
Experimental
Fabrication of bottom-gated ZnO TFTs.-Corning 1737 glass coated with 200 nm thick indium tin oxide ͑ITO͒ was used as a starting substrate ͑Delta Technologies Ltd.͒ for fabricating bottomgated TFTs. Two sets of samples were prepared, one for fabricating TFTs with a N-rich SiN gate dielectric and the other for TFTs with Si-rich SiN. The ITO acted as the gate electrode for the TFTs, and it had a sheet resistance of 4-8 ⍀/ᮀ. The ITO gate electrode was defined by standard photolithography and a wet etching using LCE12k ͑ITO etchant, Cyantek Corp.͒ solution at 45°C. After the ITO gate electrode patterning, a 90 nm thick silicon nitride gate dielectric was deposited by PECVD. For the N-rich SiN film, the PECVD parameters were flow rates of SiH 4 /NH 3 /N 2 = 20/40/600 sccm, pressure = 650 mTorr, power = 30 W, and temperature = 300°C. For the Si-rich SiN film, the deposition parameters were the same except for the gas flow rate ͑SiH 4 /NH 3 /N 2 = 400/20/600͒. Next, a ZnO film was grown using a commercially available MOCVD vertical reactor ͑ZEUS230G, Sysnex, Korea͒. Diethylzinc ͑DEZn͒ and oxygen were used as a zinc source and an oxidizing agent, respectively. The DEZn source was kept at 0°C, and high purity Ar ͑99.999%͒ was used as the carrier gas. DEZn and oxygen were supplied through separate lines, and the mixing of these two sources took place just 1 cm ahead of the substrate. For ZnO growth, the flow rates of DEZn and oxygen used were 13.4 and 3.3 ϫ 10 5 mol/min, respectively. The reactor pressure was maintained at 50 Torr, and the growth temperature was set to 450°C. The growth rate of the ZnO film was about 60 Å/min. The ZnO channel was subsequently patterned by conventional photolithography and etching using HCl:HNO 3 :H 2 O ͑4:1:200͒ solution at room temperature. Source/drain electrodes of TFTs were next realized by an E-beam evaporation of Ti/Pt/Au ͑20/30/150 nm͒ metal layers and by using a lift-off process. The TFT fabrication process was completed with the opening of vias to access the bottom ITO gate electrode. This was done by standard photolithography and plasma etching of the silicon nitride film with CF 4 /O 2 gas mixtures. Schematic crosssectional and top views of the fabricated TFTs are shown in Fig. 1a and b. The electrical characteristics of the fabricated TFTs, having a channel length ͑L͒ of 20 m and a width ͑W͒ of 200 m, were measured using a semiconductor parameter analyzer ͑HP-4155A͒.
Characterization of silicon nitride and ZnO films.-To obtain dielectric constants of the silicon nitride films, metal-insulatormetal capacitors were fabricated separately on the Corning glass substrates using ITO and Ti/Pt/Au as electrodes and silicon nitride as an insulator. The dielectric constants extracted from the 1 MHz capacitance-voltage characteristic of the capacitor were 6.0 and 7.1 for the N-and Si-rich films, respectively. An X-ray photoelectron spectroscopy analysis was carried out to determine the atomic concentration ratios of N/Si in the nitride films, which were 1.45 for the N-rich films and 0.86 for the Si-rich films. The measured refractive indexes of the N-and Si-rich silicon nitride films were 1.8 and 2.2, respectively. The grown ZnO films were characterized by scanning electron microscopy ͑SEM͒, atomic force microscopy ͑AFM͒, and X-ray diffraction ͑XRD͒.
z E-mail: jjang@gist.ac.kr Figure 2a shows the output characteristics of ZnO TFTs using N-rich silicon nitride for the gate-source voltage ͑V GS ͒ ranging from 18 to 3 V in steps of Ϫ3 V. These devices exhibit clear pinch-off and saturation behaviors. It is evident from the output characteristics that these ZnO TFTs operate as n-channel devices. The transfer characteristics and the variation in gate current with V GS for a drain-source voltage ͑V DS ͒ of 10 V are shown in Fig. 2b . The subthreshold slope, on/off current ratio, and turn-on voltage ͑the gate voltage at which the drain current begins to rise in a transfer curve͒ obtained from Fig. 2b are 0.8 V/decade, 10 8 , and Ϫ6.5 V, respectively. The field-effect mobility ͑ FE ͒ and threshold voltage ͑V th ͒ of the ZnO TFTs operating in the saturation region were extracted using the following current equation
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Characteristics of ZnO TFTs with N-rich SiN.-
where C i is the capacitance per unit area of the gate insulator. The estimated FE and V th are 6.5 cm 2 /V s and 2.05 V, respectively. All the extracted device parameters of TFTs using N-rich silicon nitride are summarized in Table I and are shown together with those of the MOCVD ZnO TFTs reported by Jo et al. 6 and Zhu et al. 7 The present TFTs exhibited a subthreshold slope nearly 13 times lower and an on/off current ratio 5 orders of magnitude higher than the TFTs reported by Jo et al. 6 Compared to the TFTs reported by Zhu et al., 7 the subthreshold slope was nearly five times lower, and the on/off current ratio was approximately 4 orders magnitude higher in
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where k is the Boltzmann constant, T is the temperature, C i is the capacitance per unit area of the gate insulator, and q is the unit charge. The maximum interface state densities estimated from the values of the subthreshold slopes reported by Jo et al. 6 and Zhu et al. 7 were 3.3 ϫ 10 13 and 1.0 ϫ 10 13 /cm 2 . For the TFTs employing N-rich SiN, the extracted maximum density of states is 4.1 ϫ 10 12 /cm 2 , which is nearly 1 order of magnitude smaller than those obtained for the TFTs reported by Jo et al. 6 and Zhu et al. 7 In addition to the better device parameters, the output characteristics of the present TFTs show well-defined saturation behaviors in comparison to the previously reported MOCVD-grown ZnO TFTs.
6,7 Figure  3 shows the SEM image and XRD spectrum of the ZnO film grown on the N-rich SiN/ITO/glass substrates. The SEM image shows a vertically well-aligned ZnO columnar structure, even though the surface does not appear to be very smooth. The XRD spectrum shows one strong peak at 34.5°, corresponding to ͑0002͒ planes of ZnO, and the full width at half-maximum ͑fwhm͒ of the ͑0002͒ ZnO diffraction peak is 0.300°. The other peaks in the XRD spectrum are due to the ITO film. 15 This indicates that the ZnO film grown on the N-rich SiN is highly c-axis oriented. Considering the SEM and XRD data, the improved performance of ZnO TFTs in the present case could be attributed to superior film crystallinity.
Characteristics of ZnO TFTs with Si-rich SiN.-
The output characteristics of TFT using a Si-rich silicon nitride film are shown in Fig. 4a for V GS varying from 15 to 0 V with a step of Ϫ5 V. These ZnO TFTs exhibit an n-channel behavior. The transfer characteristics of these devices are shown in Fig. 4b . The subthreshold slope, on/off current ratio, and turn-on voltage obtained from the transfer characteristics are 1.52 V/decade, 10 8 , and Ϫ8.5 V, respectively. The FE and V th estimated using Eq. 1 are 3.3 cm 2 /V s and 2.65 V, respectively. Using Eq. 2, the estimated maximum density of states for the Si-rich case is 1.1 ϫ 10 13 /cm 2 .
Comparison of TFTs employing N-and Si-rich
SiN.-The device parameters of the TFTs using N-and Si-rich silicon nitrides are summarized in Table II . The TFTs using N-rich SiN clearly show a better device performance. The SEM image of the ZnO grown on the Si-rich SiN, shown in Fig. 5a , is similar to that obtained for the N-rich SiN case. The XRD spectrum of the ZnO film grown on Si-rich SiN ͑Fig. 5b͒ shows only one strong peak at 34.5°, corresponding to ͑0002͒ planes of ZnO, which is similar to that of the ZnO film on the N-rich SiN. The fwhm value of the ͑0002͒ peak obtained from the ZnO layer grown on the Si-rich SiN is 0.299°, which is very close to that of the ZnO film grown on the N-rich SiN ͑0.300°͒. This indicates that ZnO films grown on both N-rich SiN and Si-rich SiN samples have almost the same crystallinity. Thus, to identify the reason for the better performance of TFTs using N-rich SiN, we have taken AFM images of the ZnO films.
The AFM images of the ZnO films grown on both N-and Si-rich SiN gate dielectrics taken over a scanning area of 1 ϫ 1 m are shown in Fig. 6 . As can be seen in Fig. 6 , there are clear differences between the two topographies. First, the shape of the ZnO grown on top of N-rich SiN is elongated as opposed to the pillarlike shape demonstrated by the material grown onto Si-rich SiN. Second, it is clear that the ZnO film gown on N-rich SiN has a larger grain size ͑Fig. 6a͒ than that of the ZnO film grown on Si-rich SiN ͑Fig. 6b͒. The average grain size for the ZnO grown on the N-rich SiN is 126 nm, while that for the ZnO grown on the Si-rich SiN is 69 nm. Consequently, there are fewer grain boundaries along the transistor channel for the TFTs using the N-rich SiN film. We believe that this is the key reason why TFTs using N-rich SiN show a better fieldeffect mobility ͑6.5 cm 2 /V s͒ than TFTs employing Si-rich SiN ͑3.3 cm 2 /V s͒. This is consistent with the theory presented by Hossain et al., 16 who suggested that the potential barriers present at grain boundaries would act as the main obstacles for the current flow. The dependence of field-effect mobility on ZnO grain size ͑increase in field-effect mobility with grain size͒ has previously been reported for ZnO TFTs prepared by solution process 17 and sputtering 18 methods. Defect states are present at the grain boundaries, 16, 19 and therefore the smaller number of grain boundaries in the case of the ZnO film grown on N-rich SiN could be responsible for the lower density of interface states observed in TFTs using N-rich SiN. The lower density of states could also be due to N-rich SiN because of its superior material properties compared to those of the Si-rich films. 9, 10 Even though the ZnO growths on both the N-and Si-rich SiN samples were carried out together in the same MOCVD run, the resulting ZnO structures appear to be different. Despite Si-rich SiN having a better dielectric constant, N-rich SiN is more suitable as a gate dielectric for the MOCVD ZnO TFTs.
Conclusions
Bottom-gated ZnO TFTs on glass substrates have been fabricated using an MOCVD-grown ZnO film as a channel layer and PECVDprepared N-and Si-rich silicon nitrides as gate dielectrics. The performance of the ZnO TFTs employing N-rich silicon nitride was superior to that of TFTs using Si-rich silicon nitride. The grain size of the ZnO film grown on the N-rich SiN was larger than that of the ZnO film grown on the Si-rich SiN, and this could be responsible for the enhanced performance of TFTs having N-rich SiN. Moreover, the present ZnO TFTs exhibited better characteristics than the previously reported MOCVD ZnO TFTs. These results provide motivation to fabricate ZnO TFTs employing heterostructures similar to high electron mobility transistors on glass substrates. 
